Apolipoprotein E (apo E)-deficient mice are severely hypercholesterolemic and develop advanced atheromas independent of diet. The C57BL/6 strain differs from most inbred strains by having lower HDL concentrations and a high risk of developing early atherosclerotic lesions when fed an atherogenic diet. The relative HDL deficiency and atherosclerosis susceptibility of the C57BL/6 strain are corrected with the expression of a human apolipoprotein Al (apo Al) transgene in this genetic background. To examine if increases in apo Al and HDL are also effective in minimizing apo E deficiency-induced atherosclerosis, we introduced the human apo AI transgene into the hypercholesterolemic apo E knockout background. Similar elevations of total plasma cholesterol occurred in both the apo E knockout and apo E knockout mice also expressing the human apo Al transgene. The latter animals, however, also showed a two-to threefold increase in HDL and a sixfold decrease in susceptibility to atherosclerosis. This study demonstrates that elevating the concentration of apo Al reduces atherosclerosis in apo E deficient-mice and suggests that elevation of apo Al and HDL may prove to be a useful approach for treating unrelated causes of heightened atherosclerosis susceptibility. (J. Clin. Invest. 1994. 94:899-903.)
Introduction
Cardiovascular disease remains the chief cause of death in affluent nations (1) , and atherosclerosis accounts for the majority of these deaths. The common forms of atherosclerotic heart disease are the result of the interactions of multiple genetic and environmental factors (2) . The mouse has been used increasingly as a model system to study the genetics of atherosclerosis (3) (4) (5) (6) (7) (8) (9) because of the availability of both classical and modern genetic approaches for studying this complex disorder in a manner not possible in humans. Atherosclerosis susceptibility in inbred strains of mice (10) , as defined by the development of aortic lipid deposits after a dietary insult, results from the interaction of multiple genes. Several murine atherosclerosis susceptibility loci have been mapped (11) (12) (13) , although no specific genes or gene products have yet been identified.
The C57BU6 inbred strain of mice is susceptible to dietinduced atherosclerosis and, unlike resistant inbred strains of mice, has a significantly lower HDL concentration when fed an atherogenic diet. In addition, males and females of this strain respond differently to an atherogenic diet: females are more susceptible to atherosclerosis and have lower HDL levels than males (14) . It was these two observations that implicated low HDL as a possible cause of the increased susceptibility to atherosclerosis found in the C57BUJ6 strain. Recent studies in genetically engineered C57BL/6 mice have examined whether increasing the concentration of HDL in these mice could render them resistant to diet-induced atherosclerosis. In these studies, the (human) apo AI gene, a major determinant of HDL concentration, was introduced and expressed in this inbred strain (15) . The increase in HDL levels in the apo Al transgenic mice was accompanied by a dramatic reduction in susceptibility to dietinduced atherosclerosis (5, 7) . apo E knockout (apo E KO)' mice, derived from embryonic stem cells in which the murine apo E gene had been inactivated via gene targeting, has provided a new murine model for studying atherosclerosis susceptibility (16, 17) that does not require a dietary insult. These animals lack apo E, a critical ligand in receptor-mediated removal of nearly all classes of lipoproteins, and have massive hypercholesterolemia, even when fed a low fat, low cholesterol diet. The development of atherosclerosis in these animals is significantly more severe and rapidly progressive than that of C57BIJ6 mice. Furthermore, the atherosclerotic lesions in apo E KO mice are found throughout the animal's arterial tree, while in C57BU6 mice they are localized primarily to the proximal aorta.
This study examines the impact of elevated HDL levels (due to high levels of human apo Al) on the severe atherosclerosis susceptibility in hypercholesterolemic (due to the absence of plasma apo E) mice. In these studies, the human apo Al transgene was bred into the apo E KO background, which resulted in mice hemizygous for the human apo AI transgene as well as homozygous for the inactivated murine apo E allele (apo Al/apo E KO mice). The apo E KO and apo AI/apo E KO animals were compared with regard to lipoprotein parameters and atherosclerosis susceptibility. * The values shown represent the mean (± SEM) for the data set presented in Fig. 2. 1 The values shown represent the mean total cholesterol minus the mean non-HDL cholesterol in milligrams per deciliter. 1 1 Indicates significant differences (P < 0.005) between AVE KO versus E KO genotype groups. tIndicates significant differences (P < 0.05) between AYE KO versus E KO genotype groups.
Methods
Animals. The human apo Al transgenic mice created in the C57BL/6 background have been described previously (15) . The apo E KO mice originally made in the 129/Ola background (18) were backcrossed to C57BLU6 for three generations. Mice homozygous for the human apo Al transgene were bred with apo E KO (87% C57BLJ6, 13% 129/Gla) mice to produce offspring both hemizygous for apo Al and heterozygous for the apo E null allele. These were backcrossed to apo E KO mice to produce the apo AI/apo E KO and apo E KO littermates used in this study. Total cholesterol levels as well as the presence or absence of mouse apo E were used to distinguish apo E null allele heterozygotes from homozygotes (16) (17) (18) . Within the latter group, mice hemizygous for the human apo AI transgene were identified by the presence of human apo Al in their plasma. The genetic background of the apo E KO and apo AI/apo E KO mice used in this study was 90% C57BL/6, 10% 129/Gla. Animals were fed Purina laboratory mouse chow (5001) containing 4.5% fat and < 0.03% cholesterol.
Apolipoproteins, lipoproteins, and lipids. Animals were fasted overnight, and blood was collected from the tail vein into tubes coated with EDTA. Total cholesterol was measured in saline with cholesterol reagent (High Performance Cholesterol Kit; Boehringer Mannheim Corp., Indianapolis, IN). HDL-cholesterol was measured after selective precipitation of non-HDL lipoproteins with polyethylene glycol (7) ( Table I) . Cholesteryl ester concentrations were determined indirectly from total cholesterol and free cholesterol levels (19) . The levels of human apo AI and mouse apo AI were determined in transgenic mice by previously described radial-immuno diffusion assays (15) . Absence or presence of mouse apo E was determined by ELISA using an anti-human apo E antibody (International Immunology Corp., Murrieta, CA) that crossreacts with mouse apo E. For the determination of lipoprotein size, total lipoproteins (d < 1.21 g/ml) were isolated from plasma by ultracentrifugation at d = 1.21 g/ml in a Beckman 42.2 Ti rotor (Beckman Instruments, Inc., Fullerton, CA) (40,000 rpm, 15 h, 10°C) and were subjected to nondenaturing electrophoresis in 4-30% polyacrylamide gradient gels. Electrophoresed lipoproteins were stained with Coomassie R-250 and analyzed by scanning densitometry according to Nichols et al. (20) , using coelectrophoresed molecular size calibrators to facilitate determination of lipoprotein particle sizes.
To Histological analysis. Mice were killed, and hearts and aortas were fixed in 4% phosphate-buffered formaldehyde and then embedded in 25% gelatin. For the quantitative analysis, the mean lesion area per section per animal was determined as described previously (15) . We quantitated four 10-,um aortic sections each separated by 80 Am. The first and most proximal section to the heart was taken 80 um distal to the point where the aorta first becomes rounded. The area of oil red 0 staining fatty streak lesions in each section was determined using a calibrated eyepiece, and the mean lesion area per section per animal was calculated for each group of animals. The coded slides were examined blind in two separate analyses by the same examiner and gave consistent results (r > 0.92).
Statistical analysis. The significance of differences (P values) between means was tested by using the Mann-Whitney U test for nonparametric analysis.
Results
Effects ofapo E and apo Al genotype on lipoproteins and apolipoproteins. Both the apo E KO and the apo AI/apo E KO mice had similarly elevated total cholesterol concentrations compared with that of the C57BL/6 control animals ( Table I ). The predominant lipoprotein class in the apo E KO and the apo AI/apo E KO mice was non-HDL cholesterol comprising very low density and low density lipoproteins (VLDL/IDL and LDL, respectively). The concentration of non-HDL cholesterol did not differ significantly between apo E KO and apo AI/apo E KO mice, but was over 20-fold that of control C57BL/6 mice. HDL cholesterol levels were slightly lower in the apo E KO mice as compared with C57BL16 mice, but were elevated two-to threefold in the apo AI/apo E KO mice. This elevation of HDL is consistent with several prior studies in transgenic mice (15, 21) and rats (22) demonstrating that elevation of human apo Al is accompanied by elevation of HDL in rodents. The ratio of HDL to total cholesterol was 0.70 in C57BIJ6 control, 0.18 in apo AI/apo E KO, and 0.06 in apo E KO mice. Decreases in this ratio are associated with an increased risk for the development of atherosclerosis in both humans (23) and mice (24) .
apo Al levels in the apo E KO mice were approximately one-half those found in C57BIJ6 mice. The apo AI/apo E KO mice had total apo Al (mouse and human) levels twofold higher than those found in apo E KO mice (Table I) . It has been reported previously that in transgenic mice the high level expression of human apo Al is associated with profound reductions in the plasma levels of mouse apo AI (15, 25) . In the apo AI/apo E KO mice, we observe a similar reduction (sevenfold) Analysis of relative concentration and size distribution of VLDL and LDL particles was similar in the apo E KO and the apo Al/apo E KO mice (data not shown). However, HDL particle size distributions did differ between the apo E KO and apo AlVapo E KO mice (Fig. 1) . In addition to increases in concentration, HDL from the apo AlVapo E KO mice demonstrated a polydispersity of particle sizes compared with the unidispersity in size of HDL from the apo E KO mice. This polydispersity of HDL size is consistent with prior analyses of HDL in mice expressing human apo AI transgenes (15, 25) .
To examine the composition of the major lipoprotein subclasses, lipoproteins from apo Al/apo E KO, apo E KO, and C57BL/6 mice were separated by density gradient ultracentrifugation. Human apo AI, mouse apo Al, total cholesterol, and cholesteryl ester levels were determined for the HDL, LDL, and VLDL/IDL density fractions (Table II) . The HDL fraction was found to contain > 75 and 85% of the total apo Al in, respectively, the apo E KO and the apo Al/apo E KO mice. The small amount of apo Al found associated with the LDL and VLDL/IDL fractions in both the apo E KO and apo Al/apo E KO mice is consistent with that reported previously for the apo E KO mice (16, 17) .
In contrast to C57BL/6 mice, where most of the cholesterol and cholesteryl ester is found in the HDL fraction, in both the apo E KO and apo AI/apo E KO animals 80% of the cholesterol and cholesteryl ester is found in the VLDL/IDL fraction. The relative amounts of cholesterol among the different lipoprotein fractions separated by sequential ultracentrifugation (Table II) were consistent with the cholesterol values determined for the HDL and non-HDL fractions that were separated by polyethylene glycol precipitation (Table I) .
Effects of apo E and apo Al genotype on atherosclerotic lesion size. Highly significant differences in the area of fatty streak lesions in the proximal aorta were observed in the different groups of mice. Consistent with prior studies (3, 9), C57BU 6 mice do not develop aortic fatty streaks when fed mouse chow Figure 1 . Distribution of HDL particle size subclasses. Plasma lipoproteins (d < 1.210 g/ml) isolated from an apo E KO mouse (A) and an apo Al/apo E KO mouse (B) were subjected to nondenaturing PAGE to sizefractionate the high density lipoproteins. Sizing indices: 2B (12.9-9.8 nm), 2A (9.8-8.8 nm), 3A (8.8-8.2 nm), 3B (8.2-7.8 nm), and 3C (7.8-7.2 nm).
low in fat and cholesterol (Table I) . In contrast, all the apo E KO mice (n = 23) fed the same chow diet developed significant fatty streak lesions (mean lesions > 1,000 tm2/section) by 12 wk of age (Fig. 2) . Of the 22 apo AI/apo E KO mice studied, 16 had either no lesions or extremely small lesions (mean lesions < 1,000 lim2/section). The mean lesion area per section per animal of the apo Al/apo E KO mice was sixfold lower than that of the apo E KO mice (P < 0.0001) ( Table I ). C57BL/6 females have been shown previously to be more susceptible to diet-induced atherogenesis than male mice (14). In the present study, the females of the two different genotypes, apo AI/apo E KO and apo E KO, also showed an increased susceptibility to atherogenesis when compared with males of the same genotype (Fig. 2) . Comparisons of animals grouped by sex revealed that both females and males of the apo Al/apo E KO genotype had significantly (P < 0.05) smaller lesions than the same sex apo E KO mice.
Although as a group the apo Al/apo E KO mice had significantly higher total apo Al levels/HDL levels and significantly smaller lesion area than the apo E KO mice, on an individual animal basis there was no correlation (r < 0.41) within the apo AI/apo E KO nor the apo E KO groups between apo Al levels/ HDL levels and lesion area.
Previous studies have shown that apo E KO mice examined later in life (6 mo), or after exposure to an atherogenic diet (high in fat and cholesterol), develop fibro-fatty lesions that share some features of advanced human atheromatous plaques (16, 17) . The apo E KO and apo AT/apo E KO animals in this study were analyzed at a young age and exposed exclusively to diets low in fat and cholesterol. Despite this, many of the apo E KO animals had large lesions with extensive lipid-staining material infiltrating the disrupted media of the proximal aorta (data not shown). In contrast, the limited number of fatty streak lesions found in the apo AL/apo E KO mice were smaller and did not extend into the media.
Discussion
Our results demonstrate that expression of the human apo Al transgene in apo E KO mice is associated with a reduction in the atherogenesis caused by the absence of a functional apo E gene. With regards to the murine genetic background, the apo AI/apo E KO and apo E KO littermates used in this study, although not genetically identical, had very similar genetic backgrounds (90% C57BL/6, 10% 129/Ola). This, coupled with the highly significant differences found in atherosclerosis susceptibility (P < 0.0001) and in HDL levels (P < 0.0001) between these two groups of mice, makes it extremely unlikely that these observed differences are simply due to segregating alleles of atherosclerosis susceptibility loci.
In comparison with the apo E KO mice, the major apolipoprotein differences found in the apo Allapo E KO mice were: the presence of human apo AI, the increase in total apo AI levels, and the reduction of murine apo AI levels. In the apo AlVapo E KO animals, human apo AI comprises > 90% of the total apo Al. The analysis of apo AI distribution showed that the majority of apo AI in the two groups of animals was associated with the HDL fraction. Roughly similar minor amounts of apo AI were found in the non-HDL fractions of the apo Al/apo E KO and apo E KO mice.
Coupled with the increase in total apo AI (primarily human) in the apo Al/apo E KO mice as compared with the apo E KO mice was the significant increase in HDL found in the apo AlV apo E KO animals. The non-HDL lipoprotein levels in the apo Al/apo E KO and the apo E KO mice were essentially the same. This implicates human apo Al containing HDL as the agent responsible for the greatly reduced incidence of atherosclerosis observed in apo AlIapo E KO mice as compared with apo E KO mice and is consistent with the previously reported decrease in diet-induced atherogenesis observed in apo AI transgenic C57BU6 mice (5, 7) .
The mechanisms by which the multiple genes involved in lipid transport affect atherosclerosis susceptibility have been only partially elucidated. An important property of apo E is its ability to participate in receptor-mediated clearance of lipoproteins from the blood. In its absence, cholesterol and triglyceride- In prior studies it has been demonstrated that elevation of apo AI, and hence HDL, reduced the risk of diet-provoked atherogenesis in a genetically susceptible (low HDL) strain of inbred mice (C57BL/6). The present study has extended these findings of reduced atherogenesis associated with increased apo Al and HDL, beyond the situation of HDL deficiency, to the setting of severe hypercholesterolemia-induced atherogenesis caused by the absence of apo E.
These studies in mice, demonstrating that elevations of apo AI and HDL in different genetic and dietary milieus can dramatically reduce atherogenesis, suggest that elevation of these plasma constituents may prove to be a useful approach for treating unrelated causes of heightened atherosclerosis susceptibility.
Note added in proof. During the preparation of this manuscript we became aware of similar data demonstrating that human apo Al can protect against the development of atherosclerosis in an independently generated line of apo E-deficient mice (Breslow, J. L., personal communication).
